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AERODYKAAMIC CHARACTM~ISTICS OF 30-MM HEI SHElL, T306 Elo (u)

ABSTRACT

The aerodynamic properties at small yavs for Mach numbers between

0.5 and 3.0 of the 30-mam MEI, T306 E1O shell as determined by spark
range firings are presented and discussed. Particular attention is

given to the markedly nonlinear behavior of the Magnus moment for very

small yaws and to the re~mtion in size of the nutational yav damping

rate due to the presence of the arming ball rotor in the fuze. This

report surersedes ERL TN 896.
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TABLE OF SYMBOLS AND COEFFICIEITS

A Tl,• • o• o - nt of inertia

B Transverse mo;'t of inertia

a = Inter•ept of Q function (Q = a + bi)
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cm Center of Mass t
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F) 0KZ2 " •2 " 0 r

M - Mach number

w - Weight

N = Number of yaw stations

N- Number of timing stations

V,~~ + 2 + bN

G GyrosecopXt stability factor

s - Dynamic stability factor

SL- Radius of swerve at mid-range

u - (ulu2 u3) (total velocity vector)*

U -rU
a - Angle of yav

5 U I sinO
a - Mean squared yav

X10 2 2 0,y - 2

e ~ ~ i + K2 0 '+ l

8 el2 a10 2 +2K202 Effective Squared Yaws

5e22 -
2 X102 + r'202

4 S - Error in swerve fit

IT - Error in yaw fit

*The "one" axis io along the missile's axis of synmetry.
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CONFiDENTIAL

I - DtrDmping rate of nutational yaw1i

x2 Damping rate of precessioi. ýI výa
wld.

Turning rate oiU rinri,.iural arm

= Turning rate of precessional arm

0 - Density of air

CY M VT -7./
O (wwIn•u.) total angular velocity

(') - Prime refers to differentiati.on with respect to distance.

(') = Dot refers to differentiation with respect to time

RESULTS OF REP. 5

Sub.iript "range" refers to coefficients computed according to Ref. (b).

"Drange "Do D52

KL - KL + "% 2 "e2
range"

(•"ang K jMA) Ke " " Mb2o ['"••1K 0 " "2 5jc1' " 2 ]

L0 ' - k

01 + 0"' I 2  2K*

I 1 10 2 0 ] 5 2

12 2 2 2
KT~+L. 8 2 + A J-, k *

rangeKO+KP2 e2 1 %C2
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INTRODUCTION

The preparation of firing tables for the launcling of 30ram T06

E10 ahp 1 .Ovm miperwic aircraft requires a knowledge of the bullet's

uaroidy=ic behavior at a!,! 9 -,,"sonic speeds for forward and

rearward fire.(1) In addition, 4,ý,il turret firLis, n•'r L rtin con-

ditions, lead to large initial yaws. Aerodynamin measurements for thii

shell at large yaws were made in the wind tunnel, and LA-t yvs of

fifteen degrees were , .g'Ce-, tvI Lhe Transonic Range. To obtain small

yaw data at supersonic Mach number, firings were made in th- Aerndyvnmit-s

Range and measurements verc made in the wind tunnel; to obtain sonic and

subsonic small yaw data, the Aerodynamics Range alone was used. This re-

port contains the results of the firings in both ranges and compares

them with wind tunnel measurements. These data supersede Reference 2.

EXPERIOMMTAL PROCEDURE

Forty-three rounds were fired in the Aerodynamics R&nge from a tube

with a twist of one turn ir 16.5 calibers of travel, covering a range of

Mach numbers from 0.46 to 2.12. Plate 1 is a shadowgraph of the shell at

Mach number 2.2; and Plate 2, a photograph of the shell.

Early comparison of the yaw damping moment coefficient with that

obtained from the wind tunnel shoved disagreement, It was conjectured

that the presence of the arming ball rotor in the fuze of the shell

changed the damping properties of the shell in flight. Seven roimds

r with the arming ball rotor removed from the fuze were fired in the

Aerodynamics Range at Mach numbers 1.8 and 2.1; these rounds verified

the conjecture. The cavity obtained by removing the arming ball rotor

was inert loaded to preserve the inertial properties of the shell In

spite of this precaution there was a slight change in these p.operties

which are given in Plate 3. Five rounds (two with the arming ball rotor

removed) were fired in the Transonic Range from a gun tube which was

notched at the muzzle in an attempt to obtain large yaw.

The firing of such a small projectile in the Transonic Range pre-

sented, at that time, a problem in triggering the stations. The standard

7
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procedure for obtaining shadowgraphs in the Transonic Range(3) was

as follows. A magnetic charge was put on the shell. Then, as the shell

JJ US hrGh •oe-itd coils, one fcr each station, the spark would fire

after a pre-set time delay.

Because the firings of the 30Qm T306 shell in the Transoriic likoin•

were planned as vry-large-yaw firings, th. mxpected trajectorie ,,-

only have been accommodated by 'Arge .x-o .l. Ihe required d.i-

ameter for theb -11s would have been too large, relative to the size

of the shell; f, nuccessful station triggering.

The solution to this dilemma was to use printed circuits (Plate 4).

The printed circuit consisted of a sheet Gf paper upon which a continuous,

rectilinear line was drawn with silver paint. The line traversed the

width of the paper, returned to the other side at a level less than 3/V"

below the first line, and continued crossing back and forth across the
shect with this same spacing. The shell, being 3kmm (1.171") in di-

ameter, was physically unable to pierce the sheet without establishing
contact with the circuit. This breaking of the circuit, with a pre-set
time delay, triggered the spark.

Since these firings, the Transonic Range has been equipped with
photo-electric cells for triggering the stations. These cells worked

successfully with large yaw firings of the 20= T282EI shell.

Even with a notched barrel the largest yaw obtained was only 15

degrees at the muzzle, and this damped to 8 1/2 degrees at mid-range.

EXPERDCIAL RESULTS

A. Static Properties

1. Drag

The KKrange value for each round is determined by means of a cubic

polynomial fit to time-distance measurements. Values for 10 and K 2

are obtained by plotting J values vs mean squared yaw: 8
•range

"Dr e= KD + 2 8

8
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The accuracy of these determinations dependc not only on the accuracy of

the drag data, which are known to be very good, but also upon the spread

wf viý n thtmned. Unfortunately, the rounds fired in the Aerodynamics

Range reached average yaw J.-vnLo .n'ly three degrees. SinceKD52 was

vell determined in the Wind Tv'%n. for supersonic Mach nurp. tLis,.

values were used for deter.naii;, , y means of the ab c-,v't ,.

The larger yaw .-..- Aa firý* t'., tie Iranaonic Range traversed a sufficient

amount of printed circuit paper within the timing stations to increase

the drag of the shell noticeably. Otherwise, those rounds would have pro-

vided the necessary yaw spread for a good determination of KD- and "D82

without resorting to Wind Tunnel data.

Sonic and subsonic data were reduced to zero yaw by standard tech-

niques. Figure 1 is a plot of the resulting IC e vs Mach number. Wind
"0o

tunnel values fall slightly below range values. It should be noted that

the wind tunnel tested a model of the shell whereas range firings were

done with actual production rounds.

A Q function was computed for rounds in the region 1.4<Me2.5:

Sa- .8353+ .0035 s.d.

b = .2649 + .0019 a.d.

2. Lift

The variation of the lift force with angle of attack is linear up

to about six degrees. Since almost all the firings in this r.:port have

yaw levels below six degrees, Krnge - *L" Only one r.und (No. 2-3151),

which has the largest root mean squared yaw of 8 1/20, has a KLrangeSig-

nificeantly greater then KL.I From wind tunnel measurements(It) %2.

S2.5 tt M - 2. -jrange for Rd. No. 2-3151,when handled in the same
manner set forth in Reference 5 agrees with the wind tunnel results.

9
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VLOVS M is given in Figure 2. The rising and dipping of the

-curve which occur through the transonic region was substantiated by
u,;z a ,vm,,tion which allows rn to vary with Mach number• 6 .

Computed dL/dM slopes are sh imt ivni r:• 2 as short lines, and the

dashed curve represents the trend thro.gh this regioa.

Assuming KL constant with Mach number in the region l.Mc.• •

K1 0 hat a standard dev A., of -. 5' about a value of .924. Wind tunnel

measurements show slightly higher values for •_ than those A in,•d n

the range.

3. Overturning •ment and center of pressure of normal force

The removal of the arming ball rotor from the fuze resulted in a

rearward shift of the center of mass of .074 caliber. The KM values
"range

plotted in Figure 3 have been corrected to the c .m. position of the shell

with the arming ball rotor in the fuze. Pm- these firings, because of
the linearity of the overturning moment with angle of yaw in the yaw region

concerned, a,." " The wind tunnel values(4) for rani slightly

below those of the range at higher Mach numbers. The center of pressure of

the normal force, CPN, is plotted v.3 Mach number in Figure 4.4

B. Dynamic Properties

Certain aerodynamic forces and moments of this projectile are so
strongly nonlinear with yaw that this nonlinearity cannot be neglected.

in Reference (5) there have been derived the necessary yaw parameters

against which the measured aerodynamic coefficients should graph linearly.

For cubic variations with yaw of the Magnus moment and yaw drmping moment
the following equations arise:

(1) ( KS xMA) . % K- 0 + _ _ 01 - 0_',

rang 0

k2- O2 ~ 2 1 S

ki ~0j0 2 *Y
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*(2) XK.S, 8 + ~ [02l20~ 2  0
* range 0 e 15 2L. 012 _ 0 '2 %2

•hn•"•: tze s'rr,• + s are defined by:

%H2  %P~ - ~ 1 'MAO

KT~ 5 -6 I

1. Magnus moment

It is known that the MaWnur moment of a pure cylinder shows mild

nonlinearity with yaw (7). Th.s nonlinearity, though relatively stronger

th&i that observed in other ac.rodynamic moments, is almost negligible for

yaws up to five degrees. There.'ore, when strong nonlinearity is evidenced

for a conventional shell for yaws less than five 4egrees, ballist!1ePts

ae~r boura to express concern. -z is Ua. ! J;L'atAioj' Vit1j AO&' 'A'~ ~~
El0 shell (Ref. 8).**

To handle the Magnus data of the rounds, it was assumed that the last

term of Eq. (2) was negligible:

K +' " 2
Trange 0T 'T,

A least squares fit for rounds where 8 e <.0042 resulted in

KT - .0o47+ .010 s.d.
0

The very few larger yaw firings would provide radically different

values indicating either higher order effects or a non-polynomial variation

Sof with 8.

Investigations are being conducted in the wind tunnel and in the Aero-

dynamics Range to determine the causes of the strong nonlinearity, such
as rotating band effect, variation of transition point, or particular
shape of the base of this shell.

11
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In Reference 5, •. H. Murphy suggests that when an aerodynamic

moment requires more than a simple cubic to describ- its functional

relationship with 8, the range data be divided Into two (or more) yaw

grours. A leust i•,zi .; for a varticular group will provide

" and K2 for that portion of th vs. b mrve corresmnding
0 T

to the yaw interval of that group.* To compare the range d "i';h

wind tunnel measurements, k vs. ax can be computed via defriti+ ::

sin a

In Figure 5 the range determination of kT vs a for a between zero and
three degrees is compared with wind tunnel measurements.

Where the firings are too few to determine ad 2 for use in

Eq. (5), such as the case of the four larger yaw rounds in this repc':t,
a somewhat different treatment can be made for comparison vith wind

tunnel measurements. In range firings kT would be constant for circular

yawing motion. The concept of effective squared yaw essentially implies
that only one K is ascociated with that class of angular motions

2 range

for which 1e, is the same. Thus, K • can be associated with a circular

yawing motion with amplitude arc sin g.

.(6) -Trange range +0 8 2 8 )

where 8

Hence, by means of Eqs. (4) and (6) ,
{rinf +1 3'(Ii 12

"range 0 (rnge(7) , ... s- ,
ja-acsin 8

In Reference 9, C. H. Murphy further presents a means of handling non-
polynomial nonlinearities, such as k vs a in Figure 5. However, more

data than those now available would be needed to apply this technique
to the 3Cm T306 shell.

12
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where 5 .

Using the wiLl tunnel determination of "TO a (kT, a) value can be com-

•p.:•d f, .r Gi! th four larger yaw rounds by means of Eq. (7). (In

this case however, th!_ r,, trý-_ At Eq. (7)) wrt neg]gible, i.e.,

kT 5.) These four points are also plotted in Fi~ure 5. Com-
range

sidering the highly nonlinear nature of k,, with E, th• agreement between

the two measu.r -c,.. .ac' ý -- es is very encouraging.

At the risk of being redundant, Figure 6 is rresent,:6 to 0o% -%nv

wind tunnel measurements, when transformed into 'T vs 52 , compare with

range data. Various portions of the wind tunnel curve of Vigure 5 were
approximated by cubic s, resulting in the YV vs 82 curves of Figure

It is evident that extrapolations of such curves are not always valid.

KTO (i.e., XT at a - 0) vs. M is plotted in Figure 7.

2. IDmping moment

Early comparison between the wind tunnel's (KR - kA0) hnd the

Aerodynamics Range's (K3 - ) showed serious disagreement. It
range

was felt that the presence of the arming bal]. rotor in the fuze radically

changed the damping properties of the shell tn flight, and, hence, the

ccosputed (K. - YMA) was an adulterated term. To test this hypothesis,
range

firings with the arming ball rotor removed were conducted in both ranges.

The presence of the ball reduces the moment and the data shows much

greater scatter. The scatter probably arises from individual idiosyncra-

sies of ball-shell interaction of each round. These phenomena increase

with increasing Mach number.

Although the major discrepancy between the original range data and

wind tunnel data can be attributed to the arming ball rotor, wind tunnel

data still do not completely agree with range data obtained from the

firings with the arming ball rotor removed. Figure 8 is a plot of

(K1 - ) vs. M and includes both range and wind tunnel data. The

13
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"without-ball" firings at M - 1.8 agree with wind tunnel data; those at

M i 2.1 are considerably langer than wind tunnel data. The M d2.1 firings,

n•ge, iv•r : tio clriy than the M d 1.8 firings. It could be comjectured

that the damping moment may ducte•d,- -,.Linear o ith bete around M a o.0.

(The observed Magnus nonltnearidey.l KT ill 2n use.

since KI0 "- K20 (Eq. I)). To bring, the tA o measurino faf~leto.i-

Tgre-ent pculd require (ya dm-"n tge rae' p ae order of lc 0; ebet vino

tunel measureents shov a vleof -8 for 2 - V52 t M -20

Since the Air Force has abandoned this shell, it is felt that additional

range firings to clarify this discrepancy shoul not be made. Such non-

linearity investigations are being conducted on better experimental con-

fi tneations and also on standard shell still in use.

e . Yat Damping ball rt o the A ighBall Rotor Effect

Precessional

The precessional yaw dampin g rate, -2, primasily reflects the behavior

of X. Consequently, 1r data are hangela L v elct same manner as were

__ atang X es52 for the region 1.2<M <2.5 in plotted in Figure 9.

Based on Figure 9, "2 vs. M at zero yaw is plotted in Figure 10.

Nutational

Extensive investigations made (and still being made) into the dynamic*

effects of the'arming ball rotor on the flight of the 20ram HEI, T•28M shell

shoved that the nutational yaw damping rate, Xi, is decreased in proportion

to the frequency •1provided that the angular velocity of the shell, to,

is large enough to arm the fuze:

A, (I +)

where w is fixed by the muzzle velocity and gun twist and where only a

varies with the density of air. For the 30mm T306 EIO shell, 57,000 rpm

are required to arm the fuze. Since the firings in this program were made

from a gun with a twist of 1:16.5, those rounds above M - 1.4 are the only

Excluding the cffect produced by the inherent change in the physical
properties.

14
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J ones believed to ht.,e armed the fuze and, hence, produce a decrease in

X1 (Fig. ii). If the shell were still to be used from high speed air-

craft flying at altitudes between 30 and 60 thousand feet, standard

firin•g z:ditioŽ, r l %m ,!" t of 1:25 and muzzle velocity of 2700 fps)

would produce nutational frea"'lnc,ýi#-L ,' .)2,400 and 12,800 rpm.

In the firings of this report (4:16.5 twist), such autationa.l frceiuenries

were produced at M = 1.6. Thus, the ball effect for the anticipated

firing conditions would be a reduction in X_ measurmentb , A.et..rmined

by the aerodynamic forces crd mumtýnts alone, i.e., "without-ball") of

about 0.0025 (ft)"I regardless of the speed of the alrcr".tt.

Since the discrepancies in the damping moment date from the wind

tunnel and from the "without-ball" firings cannot at present, be resolved,

a search into the ball effect on Xl of the data in this report appears

futile. Should this projectile again be considered for Air Force use,

then further firings could be made to resolve the discrepancies and to

investigate the ball effect. It is hoped that the thorough investigation

being conducted on the ball effect of the flight of the 2(mm T282E1 shell

would be completed by that time and that those results would facilitate

any further 30mm T306 E1O investigation.

4. Stability

The shell is dyn.amically unstable below a Mach number one. Moreover,

this instability cannot be overcome by resorting to higher spin~lO).Cu)

However, it has been observed that for the 105mm M1 shell(i!, for example,

there exists a "trim"* angle of yaw such that the shell is dynamically

stable at yaws above "trim". Such a trim angle may exist for the 30m T306

ElO shell in subsonic flight. The rounds in this report presumably have

average yawing levels below "trim" and, consequently, have dynamir. !nsta-

bility.

EtUMME T. ROECKER EGENE D. BOYM

The word "trim" is borrowed from the field of aeronautics to designate
a limit cycle yawing motion.

15
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